Metallic nanostructures and nanoparticles have attracted great attention in the last years as they have opened new fields of research as metamaterials. [1] [2] [3] The dramatic amplification of the Raman signal of organic species in close proximity to plasmonic nanoparticles, known as surfaceenhanced Raman scattering 4, 5 is widely used as a versatile analytical technique because of its multiplex capacity, possibility of remote sensing and ultrasensitive detection 6, 7 .
Nanoparticles of coinable metals show strong light scattering properties produced by the collective oscillations of their surface electrons (localized surface plasmon resonances, LSPR), 8, 9 generating a huge evanescent electric field near the particle surfaces. As the Raman signal is proportional to the fourth power of the local electric field at the metal nanoparticle, the Raman amplification reaches values of up to 10 10 in non-resonant molecules 10 , giving rise to detection limits up to the single molecule level. 11, 12 Although gold and silver are the most common plasmonic metals, the concept of SERS has been extended to other nanomaterials like aluminum particles, 13 metal chalcogenides (including oxides, sulfides, selenides and tellurides) 14, 15 or doped semiconductors with the capability of tuning the plasmon frequency through the dopant concentration 16 . Although SERS is considered a purely electromagnetic effect in nature, with contributions due to charge transfer, surface-assisted Raman amplification has been demonstrated with other materials such as quantum dots 17 , or graphene. [18] [19] [20] In these cases, the SERS enhancement has been modest and can be attributed exclusively to chemical effects (i.e. resonant Raman effect induced by the optical transitions between electronic levels).
Large optical fields are, however, not exclusive of metallic particles. For example, large enhancement of the Raman cross-section has been predicted in Bloch surface waves of fully dielectric structures. 21, 22 Further, high electrical fields can also be attained with micro and nanostructures. 23 In such materials, the strong scattering properties do not originate from collective excitations of electrons in the metal particle, but from the optical resonances of the whispering gallery modes (WGMs), also called Mie resonances, of nanostructures. 24, 25 As a consequence of the large scattering cross section values, the Raman signal, of either any specie inside the cavities [26] [27] [28] [29] or attached to them [30] [31] [32] [33] , is dramatically enhanced, this being termed silicon particle enhanced Raman scattering (SiPERS) 28 . Therefore, high refractive index nanostructures like silicon nanoparticles would also present huge fields not only inside the particles but also around them this allowing their use as SiPERS enhancers. However, although theory predicts very large Raman signal enhancement factors with similar values to those appearing for noble metals, 30 to the best of our 35 .
In this communication we proof the concept for the Raman amplification of minute concentrations of organic species attached to the surface of silicon nanoparticles. Implications of this demonstration include the expansion of the number of organic families that can be sampled directly with SERS usually restricted to those carrying functional groups with high affinity for gold and silver, the decrease in the price of production of this materials and the possibility of using single particles of larger sizes for optical monitoring with SERS.
Raman amplification is obtained on molecules in close proximity to the optical enhancer surfaces. The enhancement factor is related to the evanescent field around the particles, which, in turn, is also related to their scattering cross section values. The scattering cross section depends on the topology of the silicon nanoparticle. Figure 1 shows the scattering cross section of spherical silicon nanoparticles as a function of the size parameter value, k, defined as k=πd/λ, d and λ being the particle diameter and the light wavelength values respectively.
The spectra shown in the Figure 1 is a well-known universal profile, which does not depend on the particle size, provided the refractive index is not dispersive and the material has a small absorption value. 23 We have chosen a conventional NIR Raman laser wavelength (785 nm) for the proof of concept of our results, since this wavelength value is located in the transparency region of biological tissue (650-900 nm), 36 and because silicon shows a small absorption value.
Notably, and in contrast to gold nanoparticles, the wavelength position of the Mie resonances of silicon can be deeply tuned with the particle size. 25, 34 Therefore, SiNPs may be suitable candidates for enhancing the Raman signal of the molecular species attached to them provided they are monodisperse. The calculation of the total evanescent field around the nanoparticles of different size when they are shined with the working laser line is shown in Figure 2 . The input parameters are the particle size and the refractive index value of silicon in the wavelength region calculated (see the ESI). At difference to the gold case, SiNPs show narrow peaks at large particle size corresponding to high order Mie resonances and a broad structure at low values of the particle size coming from the low order modes resonances (see peaks adscription in Figure 1 and Figure 1S in the Electronic Supplementary Information, ESI) . These results show that the evanescent field of the silicon nanoparticles is, roughly speaking, smaller than that of the gold ones. However, at certain particle size values where Mie modes resonate with the laser line, the evanescent field around silicon becomes of the same or even larger level intensity than those for gold plasmons. Gold nanoparticles also show peaks at certain particles values, but the strong damping effects of gold attenuate the resonances. The processing of monodisperse spherical nanoparticles with a strict control of the particle size is a challenging goal that has been achieved in restricted cases for a limited range of sizes. 37, 38 However, the limited size values reported, 37, 38 do not allow tuning the lowest size parameter value Mie resonances. Also the refractive index of porous particles 37 is not high enough for boosting the Raman signal at intensity levels similar to those obtained from SERS on gold NPs. The spherical topology, a necessary condition, for sustaining Mie resonances as well as the monodisperse quality of SiNPs can be relaxed for low index modes appearing at low size parameters (see Figure 1) . The broad resonances appearing in most of the Mie resonances of Figure 1 permit using non highly monodisperse silicon particles, provided the particles are non porous and they have the refractive index value of bulk silicon. Also, their EM field map plot would be less sensitive to the surface topology of the nanocavities as the field map plots show in the Figure 2 , and also in the ESI. Therefore as, at this stage, we cannot produce monodisperse spherical nanocavities with the appropriate particle diameter, we have processed monodisperse SiNPs with arbitrary surface topology with size values resonating at the four Mie resonances of the Figure 1 (see also Figure 1S in the ESI). The information reported below would give us information about the potentiality of SiNPs as SiPERS enhancers even in the case they do not have a good spherical shape and good monodispersity values. We have processed silicon particles through mechanical milling of polycrystalline silicon. After several cycles of sedimentation, 39 we obtain monodisperse SiNPs with a refractive index value of bulk silicon ( Figure  3 ).
The separation process allows for the selection of monodisperse SiNPs with particle size values where the evanescence field calculation shows maxima and with a reasonable monodispersity value of 10%. It important to stress that although the particles have not a spherical shape, both the high refractive index value, as well as the topology of resonances involved, allow them using as SiPERS enhancers, which will be reported next. In the following we will compare the Raman amplification signal from gold and silicon with the particle size values that maximizes their Raman signal. To illustrate the Raman amplification efficiency and the surface composition of silicon and gold particles 40, 41 on the SERS signal, samples were evaluated using p-aminobenzoic acid (PABA) as probe molecule. Both gold and silicon nanoparticles were illuminated with near infrared laser (785 nm) as this laser line is conventional in many instruments. Also, it does not damage the sample as usually visible light does, and it is more appropriate for analysing biological samples as tissues are transparent to this radiation. As a first observation (Figure 4a ), the SERS intensity yielded by the gold nanoparticles show maximum values for particle size values around 100 nm. For increasing particle size, the SERS signal decreases due to the increasing contribution of the radioactive damping which is, consistent with previous reports 40 . In the case of SiNPs, SiPERS signals of PABA were identified from sizes around 200, 260, 300 and 370 nm, which roughly correspond to the calculated particle size values where the laser line resonate (see peaks 1-4 in figure 2 ). It is worthy to note that for both cases spectral shapes remains stable from particle to particle while intensity slightly fluctuates (see Figure 4a) as commonly observed in this kind of experiments with a Raman amplifications factor of 10 6 , a usual value for isolated particles.
Calculation of the scattering cross-sections of silicon spherical particles as a function of the illumination wavelength (Figures 1 and 1S in the ESI) shows that these colloids exhibit several resonances at the low modal number Mie resonances, specifically magnetic dipole (Figure 1Sa ), electric dipole (Figure 1Sb ), magnetic quadrupole ( Figure  1Sc ) and electric quadrupole mode (Figure 1Sd ) for sizes of 204, 256, 296 and 368 nm, respectively. Differences in the intensity are ascribed, first to the increase of the near electric field generated by each mode, but also to the lower sphericity of the particles produced by mechanical milling. Notably, although in plasmonic particles the Raman amplification mainly relies on the electric fields generated by the electric dipolar plasmon resonances, in the case of silicon, fields are related to the higher order electric and magnetic Mie modes. 23, 25 SERS and SiPERS spectra of PABA also illustrate the effect of the surface chemistry of the particle on the Raman signal. PABA contains two different functionalities in the opposite parts of its aromatic ring, an amino, and a carboxylic acid groups. These groups show different affinity for each surface. While the amino group presents strong interactions with gold surfaces, carboxylic groups prefer silicon surfaces. SERS spectra of PABA as a function of optical enhancer are shown in the Figure 4b . The SERS spectrum on gold is similar to those previously reported for PABA 42 , where the molecule is adsorbed through the amino group. The vibrational frequencies observed on the gold-PABA spectrum fit band to band with the Raman spectrum of the PABA in bulk. However, the relative intensities in the SERS spectrum show strong enhancement of the v19a ring mode (1515 cm -1 ) and the band corresponding to the rocking vibration of the amino group (983 cm -1 ) 43 . In fact, the increase in relative intensity of this band can be explained if the amino group is directly attached to the gold surface. Additionally, the band at 1700 cm -1 assigned to the C=O stretching is not visible in the Raman spectrum. The reason of the appearance of this band may be explained because of the complex formed between the amino group and gold. Gold colloids are strong electron-donors, thus, when the PABA is attached to them, the aromatic rings become electron acceptors, hindering the dissociation of the carboxylic group. The presence of v(C=O) band strongly supports the hypothesis that the carboxylic group is not interacting with the surface. Notably, when SiPERS is carried out on the silicon colloids, the spectrum shows changes in the relative intensity of the bands. First, the band at 1515 cm -1 (v19a) decreases while those at 1450 cm -1 (v19b) increases indicating a change in the molecular orientation with respect to the surface. Further, and more important, the C=O stretching mode (1700 cm -1 band) disappears suggesting a direct interaction between the silicon surfaces and the carboxylic group. This hypothesis is also supported because of the emergence of a strong new band at 1542 cm -1 that could be assigned to the NH 2 asymmetric deformation.
Conclusions
To conclude herein we show the great potentiality of SiNPs as Raman signal enhancers of organic molecules attached to them and, induced by the huge evanescent fields associated to the Mie resonances of non-spherical shape nanoparticles. It may open the door for the generation of a new biocompatible, and biodegradable 35, 44 surface for biosensing, easily attainable with standard particles processing techniques. Further, these new active optical surfaces show different affinities to the conventional plasmonic noble metals paving the road for the direct analysis of families of molecules difficult to detect with gold or silver due to their small affinity with such metals.
